Recently, we demonstrated the expression of rhodopsin in the tail ®n of the Xenopus tadpole, in which photosensitive melanophores exist (Miyashita et al, The photoreceptor molecules in Xenopus tadpole tail ®n, in which melanophores exist. Zool Sci 18:671± 674, 2001). The presence of opsin molecules in pigment cells of lower vertebrates raises the possibility that pigment cells in animal skin function as photosensors generally. To explore this possibility in higher vertebrates, we tried to detect photoreception molecules in mammalian melanocytes. We extracted total RNA from Melan a2, a cell line of immortal murine melanocyte, which is derived from C57BL mice. The DNA sequence obtained by reverse transcriptase-polymerase chain reaction (RT-PCR) amp-li®cation was homologous to the corresponding portion of the sequence of ocular rhodopsin of mice. Western blotting and¯uorescent immunocytochemistry showed the existence of the opsin protein in the melanocytes. Another cell line, EL4, which is derived from lymphoma of C57BL/6N, scarcely expresses opsin mRNA, as judged by RT-PCR. Thus expression of the opsin gene is not ubiquitous among immortal cell lines. Detection of rhodopsin mRNA in murine tissues of C57BL/6N by RT-PCR showed its presence in the eye and skin but not in the liver. The role of the opsin molecule in melanocyte is not known at present, but this will provide additional insight into photoreception systems in animal skin.
Recently, we demonstrated the expression of rhodopsin in the tail ®n of the Xenopus tadpole, in which photosensitive melanophores exist (Miyashita et al, The photoreceptor molecules in Xenopus tadpole tail ®n, in which melanophores exist. Zool Sci 18: 671± 674, 2001) . The presence of opsin molecules in pigment cells of lower vertebrates raises the possibility that pigment cells in animal skin function as photosensors generally. To explore this possibility in higher vertebrates, we tried to detect photoreception molecules in mammalian melanocytes. We extracted total RNA from Melan a2, a cell line of immortal murine melanocyte, which is derived from C57BL mice. The DNA sequence obtained by reverse transcriptase-polymerase chain reaction (RT-PCR) amp-li®cation was homologous to the corresponding portion of the sequence of ocular rhodopsin of mice. Western blotting and¯uorescent immunocytochemistry showed the existence of the opsin protein in the melanocytes. Another cell line, EL4, which is derived from lymphoma of C57BL/6N, scarcely expresses opsin mRNA, as judged by RT-PCR. Thus expression of the opsin gene is not ubiquitous among immortal cell lines. Detection of rhodopsin mRNA in murine tissues of C57BL/6N by RT-PCR showed its presence in the eye and skin but not in the liver. The role of the opsin molecule in melanocyte is not known at present, but this will provide additional insight into photoreception systems in animal skin. A variety of vertebrates are known to have multiple photoreceptor systems, both visual and nonvisual (for review, Foster and Soni, 1998; Kojima and Fukada, 1999) . Pigment cells in animal skin, which are usually exposed to sunshine, are likely to be one of the nonvisual photoreceptive systems. In fact various pigment cells in invertebrates (Yoshida, 1957; Coohill and Fingerman, 1976) or in lower vertebrates (Bagnara, 1957; Bagnara and Obika, 1967; Wakamatu et al, 1980; Iga and Takabatake, 1983; Lythgoe and Thompson, 1984; Daniolos et al, 1990; Moriya et al, 1996; Oshima and Yokozeki, 1999) respond to light, directly resulting in a color change of the animal body. Until recently, photoreception in pigment cells was poorly understood; what photoreceptor was used or how a photo signal was transduced into its effect remained to be determined.
Recently, however, Provencio et al (1998) reported that photosensitive melanophores derived from Xenopus embryo contain a new opsin; namely melanopsin, which is more similar to the invertebrate than vertebrate-type opsins. In addition to melanopsin, we ascertained the expression of rhodopsin, which was characteristic of vertebrate, in the tail ®n of the Xenopus tadpole, in which photosensitive melanophores exist. Our result reinforced the previous proposal that the photo-response in Xenopus melanophores seems to be close to the visual response in retinal cells, based on the action spectrum (maximum 500 nm) of the response and the involvement of cyclic-GMP cascade through G proteins Miyashita et al, 1996) . These ®ndings suggest the feasibility of photoreception by integument pigment cells, although the cells have no specialized cellular structure for photoreception, electromicroscopically.
As well as being pigment cells in lower vertebrates, melanocytes in mammalian skin are neural crest derived cells. Melanocytes synthesize melanin pigments that are packaged in cytoplasmic organelles called melanosomes, and transfer them into surrounding keratinocytes. It is well known that ultraviolet light induces a variety of biologic effects on animal skin, including on melanocytes (for review, Chakraborty et al, 1999; Scholzen et al, 1999) ; however, little is known about the effect of visible light on melanocytes. In this study, we would like to demonstrate that pigment cells of lower vertebrates and those of higher vertebrates are essentially equivalent in their ability to receive photo signals. To clarify whether the pigment cell of mammalian has the ability to receive visual light, we attempted to detect photoreception molecules in murine melanocytes.
MATERIALS AND METHODS
Materials Melan a2, which is derived from normal epidermal melanoblasts from embryos of inbred C57BL mice, obtained from the Department of Dermatology, Sapporo Medical University, was cultured according to the method reported by Bennett et al (1989) in the presence of 1.6 mM phorbol-12-myristate-13-acetate (PMA, Calbio-Chem, San Diego, CA). EL4, a cell line derived from lymphoma of C57BL/6 N, obtained from the 1st Department of Pathology, Sapporo Medical University, was cultured in RPMI medium 1640 (Gibco-BRL, Life Technologies, Grand Island, NY) with 5% fetal calf serum. Eyes and other tissues were obtained from C57BL/6 N mice.
Reverse transcriptase-polymelase chain reaction (RT-PCR) Total RNA of melanocytes was extracted using ISOGEN (Nippon Gene, Toyama, Japan) following the manufacturer's instructions. After Reprint requests to: Dr. Yoko Miyashita, South 1, West 17, Chuou-ku, Sapporo 060-8556, Japan. Email: miyasita@sapmed.ac.jp treatment with deoxyribonuclease (Nippon Gene), 5 mg of total RNA was reverse transcribed using oligo (dT) as primers and a SuperScript Preampli®cation System PCR was performed using an Expand High Fidelity PCR System (Boehringer, Indianapolis, IN) with 2 ml of the cDNA corresponding to 0.5 mg of total RNA and 10 pmol each of the appropriate sense and antisense primers. The ®nal reaction volume was 25 ml. The oligonucleotide primers (RM1-RM4) were synthesized (ESPEC Oligo Service, Tsukuba, Japan) to correspond to the nucleotide position (N.P.) of opsin gene DNA of mouse, as previously described (Al-Ubaidi et al, 1990) . RM1: 5¢primer, sense CAG CAC AAG AAG CTG CGC ACA (N.P. 286±306), RM2: 3¢primer, antisense GCG GGT GAC TTC CTT CTC TGC (N.P. 3530±3510), RM3: 3¢ primer, antisense GTA GAT GAC CGG GTT ATA GAT GGA (N.P. 3692± 3669), RM4: 5¢primer, sense GCA GAG AAG GAA GTC ACC CGC (N.P. 3510±3530).
The cycling protocol used was 94°C for 1 min, 61°C for 1 min, and 72°C for 2 min for the designated number of cycles.
The PCR products were separated in 1.5% agarose gels, stained with ethidium bromide, and photographed under UV irradiation.
Sequences were compared with the GenBank database by using the BLAST algorithm (Altschul et al, 1990) The same procedure with melanocytes was used for extraction of total RNA from EL4 cells and mouse tissues (C57BL/6 N) and for RT-PCR with RM1/RM3 as a primer pair.
Western blotting Whole-cell protein extract was prepared from melanocytes according to the method described by Kikuchi et al (1994) . After treatment with 10% (vol/vol) trichloroacetic acid for 30 min on ice, cultured melanocytes (10 7 cells) were collected by centrifugation, and subsequently suspended in 80 ml of the solubilizing solution [9 M urea, 2% (wt/vol) Triton X-100, and 1% (wt/vol) dithiothreitol] and 20 ml of 10% (wt/vol) lithium dodecyl sulfate, and then sonicated. The solubilized proteins were separated on 12% sodium dodecyl sulfatepolyacrylamide gels and then transblotted onto nitrocellulose membranes (Pharmacia, Uppsala, Sweden). After blocking with 5% skim milk and 0.5% Tween-20 in PBS at 37°C for 1 h and with Block Ace (Dainippon Pharmaceutical, Osaka, Japan) overnight at 5°C, the membranes were probed with speci®c primary antisera (1:5000) and biotin-conjugated goat antirabbit IgG. The following antisera were used for these experiments: polyclonal antibodies against bovine rhodopsin (bovine-RH AB) and against a synthetic peptide consisting of 17 amino acids (QQQESATTQKAEKEVTR), which is located in the cytoplasmic third loop of vertebrate rhodopsin (peptide-RH AB) (COSMO BIO/LSL, Tokyo, Japan).
Subsequent visualization of antibody binding was carried out with a Vectastain ABC Kit (Vector Laboratories, Burlingame, CA).
Immuncytochemical staining Cultured melanocytes of Melan a2 were ®xed with methanol at 25°C for 2 min. After incubation with blocking solution, the cells were exposed to antirhodopsin antibodies (bovine-RH AB, 1:500 or peptide-RH AB, 1:500), followed by FITCconjugated goat antirabbit IgG. For negative controls, antirhodopsin antibodies were substituted with 5% bovine serum albumin. All incubations were done at room temperature for 1 h. The cells were observed by using a¯uorescence microscope (Olympus PROVIS: Olympus, Tokyo, Japan).
RESULTS AND DISCUSSION
Detection of opsin mRNA in cultured murine melanocytes by RT-PCR RT-PCR of murine melanocytes using rhodopsin-speci®c primers was performed. Figure 1 shows the results of RT-PCR, where three sets of the primers, RM4/RM3, RM1/RM3, and RM1/RM2, were used to amplify cDNA obtained from the melanocytes. All three sets of primers synthesized the predicted sizes of DNA, namely: 183 bp for RM4/RM3 (lane 1), 729 bp for RM1/RM3 (lane 2), and 567 bp for RM1/RM2 (lane 3). The primers were checked in the NCBI GenBank by a BLAST sequence similarity search to exclude ampli®cation of any other known mouse sequence. Primer RM1 locates in exon 1 and primers RM2-RM4 in exon 4 in mouse opsin gene, as described by Al-Ubaidi et al (1990) . Primers were chosen so that the expected PCR products (RM1/RM2 and RM1/RM3) would span introns 1, 2, and 3, thereby eliminating the possibility of genomic DNA contamination.
The alignment of the nucleotide sequence of the PCR product (RM1/RM3) with corresponding regions (N.P. 308±457, 1946± 2114, 3188±3353, and 3471±3665) of murine opsin gene DNA showed that both of the sequences were exactly the same. The deduced amino acid sequence of the PCR product agreed with a corresponding region (Leu 72 -Ser 297 ) of mouse rhodopsin that included a retinal-binding site (Lys 296 ). Thus the result shows the expression of rhodopsin mRNA in the murine melanocyte.
Expression of rhodopsin protein in cultured murine melanocyte To detect the opsin protein in melanocyte, western blot analysis and immunocytochemical staining of the cell were performed. In western blot analysis, antibody against rhodopsin (bovine-RH AB) recognized a protein with an apparent molecular mass of 36 kDa in melanocyte cells (Fig 2, lane 2) , which is similar in size to bovine rhodopsin, as shown by the arrowhead in lane 1 (Fig 2) . We detected another immunoreacted protein with a higher molecular mass (about 78 kDa), shown in lane 2, which conceivably corresponds to a dimer of rhodopsin. We obtained the same result by western blot analysis using an antibody against peptide-rhodopsin (peptide-RH AB) (data not shown). Immunocytochemical staining with antisera to rhodopsin con-®rmed the presence of this protein in murine melanocyte cells. A signi®cant immunoreaction product was found in melanocytes after treatment with peptide-RH AB (Fig 3A, a) . Again, the immunoreaction product was observed when melanocytes were incubated with anti-bovine rhodopsin antibody (data not shown). Taken together, these results suggest that a rhodopsin-like opsin is expressed in murine melanocytes.
Expression of rhodopsin mRNA in other cell lines and tissues of mouse We examined the expression of rhodoopsin mRNA in EL4, which is an immortal cell line derived from lymphoma of C57BL/6N. Figure 4(A) shows the results of RT-PCR with RM1/RM3 as the primer. In contrast to Melan a2 and eye of black mouse (C57BL/6N), the cell line scarcely expresses the opsin mRNA. This indicates that expression of rhodopsin mRNA is not common among immortal murine cell lines.
Furthermore, we examined the expression of the rhodopsin gene in mouse tissues. Eye and skin expressed rhodopsin RNA, as judged by RT-PCR ( Fig 4B) , whereas liver did not express it. These results suggest that expression of rhodopsin mRNA takes place in the skin in addition to the retina. The absence of expression in non sun-exposed tissues such as the liver suggests that rhodopsin in melanocytes may have some role in photoreception, although more experiments are required to con®rm this supposition.
In previous studies various opsin molecules were detected in extraretinal tissues of vertebrates, e.g., in pineal organ (Okano et al, 1994 (Okano et al, , 2000 Blackshaw and Snyder, 1997; Kawamura and Yokoyama, 1997; Kojima et al, 1997; Soni et al, 1998) , in deep brain (Wada et al, 1998; Kojima et al, 1998; Provencio et al, 1998; Soni et al, 1998; Yoshikawa et al, 1998; Okano et al, 2000) , in melanophores (Provencio et al, 1998; Miyashita et al, 2001) , but not in pigment cells in higher vertebrates. This is the ®rst report of the expression of rhodopsin-like opsin in mammalian pigment cell; namely melanocyte.
Photoreceptive molecules in the pineal organ or in deep brain are known to play an important role in the regulation of temporal physiology. On the other hand, opsins in the melanophore of the Xenopus tadpole are involved in translocation of pigment granules within the cells, resulting in a change in color of the tadpole body. It is of interest to determine whether photoreceptor to visible light in melanocytes is engaged in intracellular distribution of melanosomes. Jimbow and Fitzpatrick (1975) observed that irradiation with long UV plus visible light (340±600 nm) induced a migration of melanosomes from perikaryon to dendritic processes in human melanocytes, followed by transfer into surrounding keratinocytes. Most recently, kinesin and kinectin have been shown to play an important role in melanosome migration along microtubules in mammalian melanocyte (Hara et al, 2000; Vancoillie et al, 2000) . We showed involvement of Rho, small mass G protein, in lightinduced melanin aggregation in melanophores of the tadpole ®n . Rho protein is not only involved in remodeling of actin cytoskeleton, but it may also participate in microtubular systems, including kinesin and kinectin. Kinectin has been shown to be an effector protein for RhoA (Alberts et al, 1998) . The pathway of signal transduction from photoreception to cellular response in mammalian melanocyte is not clearly elucidated at present; however, the presence of rhodopsin in animal skin has strongly stimulated our curiosity about the physiologic functions of visible light. 
